This study investigates how a magnetic field affects the ¡/£ transformation in FeCo alloys, particularly its entropy of transformation. Pure Fe, Fe9.5 at% Co alloy and Fe19.2 at% Co alloy were analyzed by differential scanning calorimetry in a magnetic field. Both the latent heat and the ¡/£ transformation entropy for pure Fe and FeCo alloys decreased in a magnetic field. These reductions were more pronounced as the Co concentration increased and as the magnetic field strength increased.
Introduction
The bulk properties of polycrystalline materials are strongly affected by their microstructures. To date, extensive efforts have been made to develop an optimal microstructure for achieving enhanced properties. For metallic materials, thermo-mechanical treatments are generally used to control their microstructures. A new strategy in which a magnetic field more precisely controls the microstructure has been proposed, generally termed as electromagnetic processing of materials (EPM). 1) This strategy is possible because a magnetic field can affect many metallurgical phenomena such as phase transformation, 28) recrystallization, 912) precipitation, 13, 14) grain growth 15, 16) and grain-boundary migration, 1719) and diffusion.
2023) The earliest published result of this kind was in 1913, when Pender and Jones found that applying an AC magnetic field produced a fine, homogeneous pearlite structure in steel.
2)
The ¡/£ transformation plays an important role in the development of both iron and steel microstructures. Applying a magnetic field should influence this transformation because there is a large magnetization difference between the ¡ and £ phases. To determine the effects of a magnetic field on the ¡/£ transformation, Choi et al. calculated the magnetic susceptibility in iron using Weiss molecular field theory 24) and estimated the phase diagram of the FeC binary system in a magnetic field. 5) They showed that the ¡/£ transformation temperature increased with magnetic field strength because the ferrite phase stabilized under a magnetic field. This transformation temperature increase was experimentally confirmed for some iron alloys by cooling curve, 25) electrical resistance, 2628) magnetic susceptibility, 29) thermal expansion, 30, 31) and differential thermal analysis (DTA).
32)
However, to our knowledge no experimental data have been released on the effect of a magnetic field on the entropy of transformation for Fe or Fe alloys. Thus, many theoretical calculations assume that the entropy of transformation does not vary significantly when a magnetic field is applied. 2628, 31) Therefore, measuring the ¡/£ transformation latent heat in a magnetic field is important. Beyond improving the basic understanding of phase transformations, these measurements will enhance the accuracy of thermodynamically based predictions of phase stability in a magnetic field. Thus, this study aims to reveal the effect of a magnetic field on the latent heat and the transformation entropy in Fe and FeCo binary alloys using a specially designed differential scanning calorimetry (DSC) system equipped with a superconducting magnetic-field heating system. We report on changes in the entropy of the ¡/£ phase transformation in Fe and FeCo alloys under a magnetic field; to our knowledge this effect has not been previously reported.
Experimental Procedures
The materials used were 99.99% Fe, an Fe9.5 at% Co (Fe9.5Co) alloy and an Fe19.2 at% Co (Fe19Co) alloy. The ¡/£ transformation occurs between the paramagnetic ¡ phase and paramagnetic £ phase in pure Fe and the Fe9.5Co alloy, whereas this transformation occurs between the ferromagnetic ¡ phase and paramagnetic £ phase in the Fe 19Co alloy, as shown in the FeCo binary phase diagram 33) ( Fig. 1) . These FeCo alloys were vacuum-melted using electrolytic iron (99.5%) and cobalt (99.5%) and then solidified. These ingots were hot-forged, and hot-rolled into 8-mm-thick plates and then cold-rolled into 2.4-mm-thick sheets. Thereafter, they were annealed at 1173 K for 18 180 ks at 2 MPa. Specimens for DSC measurements were cut into 2 mm © 2 mm © 2.2 mm pieces, weighing 50 « 5 mg. DSC measurements were carried out with magnetic fields of 3 and 6 T using a specially designed DSC system equipped with a superconducting magnetic-field heating system. Figure 2 shows a schematic of this system, composed of the DSC system (Linseis STA PT1600), a helium-free superconducting magnet (Sumitomo Heavy Machine Corporation) and a high-temperature furnace with a molybdenum sheet heater (Futek Furenance Inc.). A Type-S thermocouple (90%Pt10%Rh) was used for this DSC system. DSC measurements were conducted in nitrogen gas, flowing at 0.5 L/min with a cooling and heating rate of 3.3 K/min.
Before measuring the Fe and FeCo samples, we checked whether accurate DSC data could be measured in a magnetic field by using non-ferromagnetic zinc and aluminum specimens. The latent heats of fusion and the melting temperatures obtained are summarized in Table 1 ; for comparison, data from literature 34) are also shown. We confirmed that the applied magnetic field did not significantly influence the measured values of melting temperature or the latent heat of fusion for aluminum and zinc. Thus, we then examined the effect of a magnetic field on the ¡/£ phase transformation with this DSC system.
Results

¡/£ transformation temperature in a magnetic field
Figures 3(a) and 3(b) show examples of DSC curves for the ¡ ¼ £ and £ ¼ ¡ transformations for the Fe19Co alloy, respectively, both with and without a magnetic field. The latent heat of this transformation was evaluated from the area of the DSC peak, and the transformation entropy was determined by the latent heat divided by the ¡/£ transformation starting temperature. The transformation starting temperature, the latent heat and the transformation entropy obtained are summarized in Table 2 . Figure 4 shows changes in the ¡/£ transformation starting temperature in pure Fe and FeCo alloys as a function of Co concentration in a 6-T magnetic field. These transformation temperatures increased with the application of a 6-T magnetic field, in good agreement with previous reports. 2527, 32) We measured the increase in the ¡ ¼ £ transformation starting temperatures in a 6-T magnetic field (T S 6T ¹ T S 0 ) to be 1, 7 and 10 K for pure Fe, the Fe9.5Co alloy, and the Fe19Co alloy, respectively. The increases for the £ ¼ ¡ transformation were 3, 6 and 12 K for pure Fe, the Fe9.5Co alloy and the Fe19Co alloy, respectively. These increases in transformation temperature were more pronounced as the Co concentration increased. This Co-dependent behavior is probably attributable to increases in the Curie temperature and spontaneous magnetization of the alloy as the Co concentration increases. Figure 5 shows changes in the ¡/£ transformation temperature in the Fe19Co alloy as a function of magnetic field strength; for comparison, data from Fukuda et al. 27 ) with an Fe20 at% Co alloy are also plotted. The transformation temperature linearly increases with magnetic field strength. However, the slope of the line is found to be higher for Fukuda's result than for ours. This may be because of two reasons. One would be attributed to the difference in the cobalt concentrations in those alloys. As shown in Fig. 4 , an increase in the transformation temperature is more enhanced with increasing Co concentration in FeCo alloys. This likely result in a higher slope in Fig. 5 as the Co concentration increases. The other would be the demagnetizing filed depending on specimen's shape. The dimensions of the sample used in Fukuda's study was 20 mm © 2 mm © 0.5 mm, and a magnetic field was applied along the long side direction of the specimen. On the other hand, the sample used in this study was cuboidal. Therefore, an effective strength of a magnetic field applied would be lower for our sample than for Fukuda's one though the same external magnetic field was applied. Figure 6 shows the transformation entropy of pure Fe and FeCo alloys as a function of Co content with and without a 6-T magnetic field; for comparison, the results from Normanton et al. 35) for pure Fe, an Fe10.01 at% Co alloy and an Fe19.56 at% Co alloy are shown. For no magnetic field, the entropies of the ¡ ¼ £ and £ ¼ ¡ transformations both increase with Co content, in agreement with Normanton et al. 35) Particularly, the entropy increase of the Fe19Co alloy was significantly enhanced, likely because the ¡/£ phase transformation in this alloy is accompanied by a magnetic transition: The ¡/£ transformation occurs between the ferromagnetic and paramagnetic states, unlike those of pure Fe and the Fe9.5Co alloy. Importantly, we found that the entropies of the ¡/£ phase transformations for all samples were noticeably lower when a 6-T magnetic field was applied than when not. These decreases were more pronounced as the Co concentration increased; at a high magnetic field, the ¡/£ transformation entropy dependence on the Co concentration decreased significantly. These decreases associated with the ¡ ¼ £ phase transformation in a 6-T magnetic field (¦S 6T ¹ ¦S 0 ) were measured to be 0.321, 0.821 and 1.61 J/(mol·K) for pure Fe, the Fe9.5Co alloy and the Fe 19Co alloy, respectively. The £ ¼ ¡ transformation changes were 0.307, 0.770 and 2.42 J/(mol·K) for pure Fe, the Fe 9.5Co alloy and the Fe19Co alloy, respectively. These entropy decreases are enhanced when the ¡/£ phase transformation occurs between the ferromagnetic ¡ phase and the paramagnetic £ phase, rather than between the paramagnetic ¡ phase and the paramagnetic £ phase. Figures 7(a)7(c) show the transformation entropy as a function of magnetic field strength in Fe, the Fe9.5Co alloy and the Fe19Co alloy, respectively. The ¡/£ transformation entropies in Fe and the FeCo alloys decrease with increasing magnetic field strength, but the influence of the magnetic field in reducing the transformation entropy is more significant in the Fe19Co alloy than in Fe and the Fe-9.5 Co alloy.
Entropy of the ¡/£ transformation in a magnetic field
Discussion
We found that the latent heat and the entropy of the ¡/£ phase transformation in pure Fe and the FeCo alloys decreased while in a magnetic field; we also found that this decrease became more pronounced with increasing Co concentration. These experimental results are corroborated by previous reports. Fukuda et al. 27) used the Clausius Clapeyron equation to predict the change of the ¡/£ phase transformation temperature under a magnetic field for pure Fe and FeCo alloys. The ClausiusClapeyron equation in a magnetic field is given by, where ÁM and ÁS are the differences in magnetization and entropy between the two phases, respectively, T 0 is the average of the ¡ ¼ £ and £ ¼ ¡ phase transformation temperatures and H is a magnetic field. As shown in Fig. 4 in their report, 27) the calculated transformation temperature changes from applying a magnetic field were lower than those obtained by resistivity measurements, except for pure Fe. In addition, the difference between the experimental and calculated values increased with Co concentration. In their calculations, the entropy change ÁS of the ¡/£ phase transformation was assumed to vary insignificantly with an applied magnetic field. These results suggest that the entropies of the FeCo alloy ¡/£ phase transformations would decrease in an applied magnetic field; they also suggest that the entropy reduction would become more pronounced with increasing Co concentration. These conclusions drawn from Fukuda's report are in good agreement with the experimental results in this study.
Finally, we will discuss the origins of the decreases in the latent heat and entropy of the ¡/£ phase transformation of FeCo alloys in a magnetic field. The latent heat accompanying the ¡/£ phase transformation corresponds to the difference between the enthalpy in the ¡ phase and that in the £ phase at the phase transformation temperature. The temperature dependence of these enthalpies is larger for the ¡ phase than for the £ phase in pure iron. 36) Because the ¡/£ phase transformation temperature increases under a magnetic field, the enthalpy difference between the ¡ and £ phases at the transformation temperature, that is, the latent heat for this transformation, under a magnetic field may decrease as schematically shown in Fig. 8 , if the enthalpies themselves of those phases in iron are assumed to vary insignificantly with an applied magnetic field. This is a possible explanation for the decrease in the latent heat and entropy of the ¡/£ phase transformation under a magnetic field.
Conclusions
The effect of a magnetic field on the latent heat and transformation entropy in pure Fe and FeCo binary alloys were studied using a specially designed DSC system, making it possible to measure DSC curves in a magnetic field. The main results obtained are as follows:
(1) The ¡/£ transformation temperature in Fe and the Fe Co alloys increased with increasing magnetic field strength. (2) The latent heat and entropy of the ¡/£ transformation non-linearly increased with increasing Co concentration. (3) The latent heat and entropy of the ¡/£ transformation significantly decreased in a magnetic field. This decrease was more pronounced as the Co concentration increased and as the magnetic field strength increased. 
